1. Introduction {#s0005}
===============

Diabetes Mellitus (DM) is a chronic and metabolic-disorder categorized through Insulin deficiency. Globally, diabetes affects more than 425 million subjects and hypoglycemia is a common complication leads to insulin treatment and persistence, high blood glucose levels can lead to diabetic neuropathy, nephropathy, retinopathy and additional complications ([@b0030], [@b0100]). DM complications are common and disabling ([@b0080]). Diabetes Retinopathy (DR) becomes a serious ocular and one of the micro-vascular complications which affect the visual loss. ([@b0070], [@b0075]). Glucose levels which are measured with glycated hemoglobin levels (HbA1c); abnormal values will lead to the greater risk of developing retinopathy ([@b0180]). Diagnosis is confirmed with vascular abnormalities in the retina, has been categorized into (i) proliferative and (ii) non-proliferative diabetic retinopathies. Confirmation of earlier stage in DR is based on clinical symptoms as retinal hemorrhages, microaneurysms, venous caliber changes and intraretinal microvascular abnormalities is defined as "non-proliferative DR. Whereas, proliferative DR is an advanced stage" in DR, characterized through the hallmark feature of pathologic preretinal neovascularization; the DR patient may experience severe vision impairment ([@b0050], [@b0230]). Based on the present scientific status, the pathogenesis of DR is still unclear, which can be complicated to multiple factors ([@b0250]).

The predominance of retinopathy expands gradually with aging and associated through hypertension, hyperglycemia, hyperlipidemia, anemia and pregnancy. The retina is metabolically dynamic tissue and insulin inadequacy and hyperglycemia is supposed to unfavorable influence the normal physiology. A number of biochemical, hematological and immune mechanisms were reported to involve in the vascular disruption connected with retinopathy. A numerous biochemical routes have been suggested to elucidate the pathogenesis of DR that may consist of increased polyol pathway, increased advanced glycation end products (AGE) formation, activation of protein kinase (PKC) in serum samples of DR ([@b0015], [@b0060]).

Tryptophan "is an essential amino acid used in protein synthesis mainly metabolized through the kynurenine/methoxyindole pathways; a source of NAD^+^ is an essential cofactor in energy metabolism" and important way to degrade the tryptophan which generates numerous metabolites is known as kynurenines (KPm) ([@b0065], [@b0035]). The initial step in kynurenine pathway is connected with tryptophan 2,3-dioxygenease or indoleamine 2,3-dioxygenase (IDO) ([@b0045]), which catalyze the conversion of" ([@b0115]). IDO is a monometric hemoprotein with a molecular weight of 45 kDa ([@b0175], [@b0010]). IDO is responsible for degrading tryptophan, which is significantly, affected to decrease in the serotonin synthesis and also raises the tryptophan production catabolizes through the neurotoxic properties as kynurenine, xanthurenic and quinolinic acid. This IDO activation can be casual factor linked up with both depression and diabetes ([@b0040]). Kynurenine pathway metabolites have been also reported in human eye and the direction with Kynurenine is associated with DR and IDO as a rate limiting enzyme of the kynurenine pathway, suggesting blockage of IDO assumes impact in the management of DR. Earlier studies have mainly focused on investigating natural products of plant sources of restrained IDO; which was increase in the serum level of tryptophan and kynurenines were reported and still now there were no adequate pharmacological treatment for managing diabetic complications ([@b0145]).

Andrographolide "(3-(-{decahydro-6-hydroxy-5-(hydroxymethyl0-5,8 α-dimethyl-2-ethylene-1-napthalenyl} ethylidene\] dihydro-4-hydroxy-2(3H)-furanone) (C~20~H~30~O~5~) is a natural diterpenoid lactone, the major compound isolated from medicinal herb *Andrographis paniculata Nees*, family member of *Acanthacea*. It appears as crystalline bicyclic diterpenoid colorless lactone with bitter taste ([@b0245]). It is also documented as antioxidant, antiplatelet, antihyperglycemic, immunomodulatory and anticancer properties ([@b0210]). Andrographis paniculata is the previous therapeutic agent for diabetes which was emphasized for its anti-oxidation, hepatoprotective and anti-inflammatory effects ([@b0240]). Ethanol extraction of these plants can reduce the blood glucose levels in T1DM rats; unreported antidiabetic results were available in T2DM ([@b0165]); exhibits hypoglycemic effects in STZ-diabetics rat ([@b0170]). Andrographolide exhibits remarkably tremendous scope of biological activities and it was observed to be useful in blocking carbon tetrachloride induced liver injury in rats" and mice and it also has a specific role in anticipating oxygen radical production in STZ actuated rats ([@b0020]). In the light of the aforesaid value of andrographolide, the present experiments have been intended to understand the efficacy and defensive mechanism of andrographolide's supplementation to the experimental DR rats. So, the current study was carried out with andrographolides and IDO inhibitory potential and its molecular mechanism against STZ- DR in Wistar rats.

2. Materials and methods {#s0010}
========================

2.1. Invivo experiments {#s0015}
-----------------------

### 2.1.1. Extraction of retina {#s0020}

The combination of ketamine and xylazine provides the safe anesthesia and these compounds has been implemented in our experiment for rats. Once the rats were sacrificed by carbon dioxide asphyxiation, the eye balls were separated through posterior approach and stored for the further analysis. The retinal tissue was isolated from eye and optimized in 0.1 M phosphate buffer (PB; pH-7.4) and various centrifugations were performed from 3000 to 10,000 rpm at 5--10 mins. With the help of PBS, paraformaldehyde and Triton-X, the complete protocol of extraction of retina was carried out from the previous publications ([@b0225], [@b0185]). The extracted supernatant was further utilized for IDO activity.

### 2.1.2. 2IDO activity assay {#s0025}

In our study, the IDO activity assay was performed based on the methodology of [@b0095] studies. To perform this assay, we have prepared 200 µl reaction mixture with 50 mM potassium PB (pH6.5), 20 mM sodium ascorbate, 10 µM methylene blue, 100 µg/mL catalase and 200 µM trypsin. The reaction mixtures were incubated at different temperatures. The supernatant of aliquots was used for HPLC apparatus with the combination of different solvents. Kynurenic acid was quantified through the known concentration of the standard compound kynurenine.

### 2.1.3. IDO inhibition assay {#s0030}

In this assay, 200 µl of standard examine medium were prepared with the final concentrations of (i) 0.2 M of ascorbic acid, (ii) 0.5 mM methylene blue (iii) 0.5 M potassium phosphate buffer (PPB), (iv) 5 mg/mL of catalase, (v) 100 µg/mL of milli-Q-water, (vi) 4 mL of tryptophan, (vii) 20 µl of retina sample, and (viii) 10 µl of DMSO solutions. The carried out experiment has produced the amount of Kynurenine, which was determined by the standard control of Kynurenine and the inhibition levels were in the form of percentages and andrographolide, were determined considering the 100% IDO activity without any inhibitor ([@b0205]). One of the documented materials "1-Methyl-Tryptophan" was used as the reference material ([@b0085], [@b0125]). The andrographolide concentration result in 50% inhibition (IC50) was calculated using regression analysis with the log concentration of compound and (vs) inhibition percentage.

### 2.1.4. Kynurenine standard curve {#s0035}

200 µl of standard medium was primed with the combination of 20 µl of 0.5 M PPB with pH6.5; "20 µl of 0.2 M ascorbic acid; 4 µl of 0.5 mM methylene blue; 4 µl of 5 mg/mL catalase; 132 µl of MilliQ water; and 20 µl of different solutions of Kynurenine solutions with the final concentrations of 0--1--5--7.5--10--25--50--75--100 µM". The 40 × 2 = 80 µl of medium was centrifuged around 11,000 rpm-15 min for HPLC (40 µl) and fluorescence assay (40 µl). The Kynurenine formation was monitored at 480 nm ([@b0135]).

2.2. In-vitro experiments {#s0040}
-------------------------

### 2.2.1. Animal study cum breeding {#s0045}

The ethical approval for the animals was received in accordance with the Institute Animal ethical committee. We have attained 40 rats from the Animal House. The Wistar rats (*Rattus norvegicus*) were three months old with an average body weight of 220 ± 8 g. The experiment was carried out for 2 months and animals were divided into 4 groups and each group 10 rats were included. Group-I was considered as a control group; Group-II as Diabetic rats; Group-III as Diabetic rats treated with andrographolide at 1.5 mg/kg of body weight and Group-IV is treated as diabetic rats with andrographolide at 4.5 mg/kg of body weight. The protocol was implemented with polycarbonate cages, in which rats were preserved in a room with 12 h/ white and black cycles, moistures at 45--60%at the temperature of 20 ± 2 °C ([@b0160]). AIN-93 diet was provided for each rat ([@b0190]).

### 2.2.2. Biochemical assay {#s0050}

In the Wistar rats, the diabetes was persuaded in overnight fasting for 3 days through the solitary intraperitoneal injection of STZ (35 mg/kg). Using the anesthesia by retro-orbital puncture method for Wistar rats, blood was collected for measuring the plasma glucose levels using glucose oxidase and peroxidase kit method. This complete protocol for plasma glucose, carboxyl, and estimation of reduced glutathione and thiobarbituric acid reactive substances (TBARS) assays, were adopted from our previous studies ([@b0110]).

### 2.2.3. Histological assays {#s0055}

The stored eye ball would be used for the histological analysis which are enucleated cells and post-fixed in 10% formaldehyde for 4 h. Using various concentrations (30%, 50%, 75% and 100%) of alcohol gradients, tissues were hydrated and rinsed with distilled water for 15--20 min. Tissues were cleared with 2 xylene changes for 10 mins and kept in wax for 55 °C. In the melted wax, tissues were embedded at 60 °C with L-blocks. Approximately, 10 µm eyeball slices were sectioned using the leica, hematoxylin-eosin stained with captured with light microscope. The complete protocol has been documented with [@b0090] studies.

### 2.2.4. Gene expression assay {#s0060}

Using Trizol reagent, RNA was extracted from 100 mg of lenses, which was dissected from the eyeball. The purity of RNA concentrations was measured with NanoDrop spectrophotometer. The extracted RNA was transcribed into reverse cDNA, was further used for reverse transcriptase-polymerase chain reaction (RT-PCR) using GAPDH-600 bp and IDO-277 bp primers (20 pmoles) ([@b0095]) studies. The GAPDH gene was used as house-keeping gene for normalization. Amplification conditions are as follows; Initial denaturation as 95 °C-5 mins; denaturation 95 °C-30 s (GAPDH:55 °C-30 s and IDO:48.2 °C-100 s) extension and final extension took place at 72 °C-10 min. Using 2% agarose gel, PCR products were electrophoresed with ethidium bromide stained and bands were visualized with UV-trans illuminator (Syngene gel doc, USA). The 100% concordance rate was observed in the expression of candidate genes (GAPDH), which are induced in diabetic rats ([@b0095], [@b0090]).

### 2.2.5. Molecular docking assay {#s0065}

The molecular docking studies are performed with andrographolide in the active site of the IDO using accelrys discovery studio 2.5. Andrographolide was minimized into least energy confirmation and taken for docking study. The crystal structure of IDO (PDB: 2DOT) was downloaded from the Protein Data Bank (PBD; <http://www.pdb.org>) and protein structure minimized utilizing charm force field. Docking was done through CDOCKER module and after docking poses was viewed with DS viewer.

### 2.2.6. Statistical analysis {#s0070}

Using SPSS software (version 21.0), one-way ANOVA analysis was performed within the groups of data followed with post hoc-test (multiple comparisons). The p values less than 0.05 (p \< 0.05) were considered as significant difference.

3. Results {#s0075}
==========

3.1. Inhibition of IDO by andrographolide {#s0080}
-----------------------------------------

IDO activity is characterized "as the amount of enzyme producing nmol/hr kynurenine. Andrographolide was tried for its inhibitory action against rat retina IDO and IC~50~ values were compared with that of 1-methyltryptophan, a known inhibitor" of IDO which has an IC~50~ value of 18 ± 0.36 µg/mL. While, andrographolide inhibited rat retina IDO value were 56 ± 0.09 µg/mL ([Fig. 1](#f0005){ref-type="fig"}).Fig. 1Inhibition of Indoleamine 2, 3-dioxygenase (IDO) by Andrographolide. Legend: Representative graph showing the different concentrations of Andrographolide resulting in 50% inhibition (IC~50~) was determined by non-linear regression analysis of log concentration of Andrographolide versus percentage inhibition. The data are the mean ± SD (n = 10).

3.2. Andrographolide prevents STZ induced diabetic retinopathy in rats {#s0085}
----------------------------------------------------------------------

The improved food intake in diabetic rats in the "groups 2, 3 and 4 were compared to group 1 of control. In spite of improved food intake, the body weight of diabetic group-2 rats was decreased (155 ± 13 mg) compared to control group (210 ± 8 mg) (Group-I) and andrographolide fed rats" (Group-3, 197 ± 8 mg and Group-4, 178 ± 15 mg). Moreover, there is an increase in blood glucose concentration which has been abated by feeding with andrographolide to diabetic rats ([Fig. 2](#f0010){ref-type="fig"}). At the end of the two months, nourishing of andrographolide to diabetic rats, observed a decline in IDO activity in group-2, 3 and 4 in a dose-dependent pattern.Fig. 2The effect of Andrographolide on blood glucose levels. Legend: Fasting blood glucose levels were estimated in different groups of rats (G I to G IV). Control (G-I), STZ-treated (G-II), STZ-treated + 1.5 mg/kg andrographolide (G-III) and STZ-treated + 4.5 mg/kg andrographolide (G-IV). The data are the mean ± SD (n = 10). \*Statistically significant from G I (analyzed by ANOVA; *p ≤ 0. 05*).

3.3. Oxidative stress markers {#s0090}
-----------------------------

The levels of protein carbonyls, TBARS were raised up and reduced glutathione as decline. The groups 3 & 4 fed with andrographolide i.e. 1.5 and 4.5 mG/kg body weights were respectively found to have diminished TBARS in GSH levels ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3The protective effect of Andrographolide on oxidative markers in STZ induced diabetic rats. Legend: Effect of Andrographolide on Protein Carbonyls (A), GSH (B), and TBARS (C) level in different groups. Control (G-I), STZ-treated (G-II), STZ-treated + 1.5 mg/kg andrographolide (G-III) and STZ-treated + 4.5 mg/kg andrographolide (G-IV). Data are mean ± S. D (*n* = 3). \* denotes that the data is significantly different from G-I at P \< 0.05.

3.4. Estimation of kynurenine metabolites {#s0095}
-----------------------------------------

Our study revealed the significant elevated levels of tryptophan metabolites (KYN, KYNA and 3-HKYN) "in diabetic group rats (Group --II) with respect to control rats (Group-I)". These metabolites were found to decrease with feeding of andrographolide in groups III & IV with increased protection at lower dose i.e. 1.5 mg/kg body weight ([Table 1](#t0005){ref-type="table"}).Table 1Concentration of Tryptophan (Trp), kynurenine (KYN), Kynurenic acid (Kyn) and 3-hydroxykynurenine (3HKYN) in the retinas of different groups.GroupTRP (µM)KYN (µM)KYNA (nM)3HKYN (µM)Group-I (Control)40.56 ± 2.02.06 ± 0.130.17 ± 0.0244.18 ± 0 0.05Group-II (STZ-Treated)44.03 ± 2.94.00 ± 0.120.38 ± 0.017.28 ± 0.18Group-III (STZ + 1.5 mg/kg Andrographolide)42.65 ± 9.4\*2.25 ± 0.43\*0.20 ± 0.024\*4.71 ± 0.27\*Group-IV (STZ + 4.5 mg/kg Andrographolide)43.84 ± 3.12.96 ± 0.150.31 ± 0.026.47 ± 0.29

3.5. Morphological changes in retina {#s0100}
------------------------------------

Morphological modifications have been noticed in inner nuclear layer (INL), outer nuclear layer (OPL) and pigment layer in diabetic group-2 compared with respective age matched control rats (Group-1, [Fig. 4](#f0020){ref-type="fig"}). The rat retinas (Group-I) showed normal intact of retinal sub layers whereas diabetic control (Group-II) retinas found to have disturbed architecture. Little retrieval was observed in 4.5 mg/kg body weight andrographolide fed rats (Group-4) but positive recovery was detected with 1.5 mg/kg body weight andrographolide fed rats (Group-III) suggesting an effective defensive potential against diabetic induced alterations.Fig. 4Histological examination of retinas in Andrographolide treated diabetic rats. Legend: Effect of Andrographolide on Histology in different groups. Control (G-I), STZ-treated (G-II), STZ-treated + 1.5 mg/kg andrographolide (G-III) and STZ-treated + 4.5 mg/kg andrographolide (G-IV).

3.6. Gene expression analysis in retina {#s0105}
---------------------------------------

To support our observation with regard to the morphological and biochemical changes we have performed RT-PCR on retinal tissues of different groups with primers corresponding to IDO and one housekeeping gene GAPDH. [Fig. 5](#f0025){ref-type="fig"} explains RT-PCR amplified products showing significant d diabetic control rats (Group-II). The current analysis reveals the lowers in expression of IDO mRNA in the diabetic group which has been administered between groups 3 and 4 i.e., 1.5 and 4.5 mg/kg body weight of andrographolides.Fig. 5Expression levels of Indoleamine 2, 3-dioxygenase (IDO) gene in Andrographolide treated diabetic rats. Legend: Increase in IDO expression in diabetic Rat retina. (A) Representative Agarose gel analysis showing the IDO gene expression in different groups of retinas. (B) Data are presented as the relative density of IDO gene expression compared with that of GAPDH. The data are the mean ± SD (n = 10). \*Statistically significant from G-I (analyzed by ANOVA; *p ≤ 0. 05*).

3.7. Docking of IDO {#s0110}
-------------------

We anticipated the tertiary structure of IDO and stimulated docking to andrographolide. using accelrys Discovery /studio 2.5 (DS), we searched for IDO residues that would bind to andrographolide. The molecular docking of the IDO-ligand complexes was well-performed with andrographolide stably posed in the pocket of IDO by Discovery Studio 2.5. To validate the binding patterns and selective inhibition of IDO through andrographolide, docking studies were performed and it was confirmed as andrographolide conceivably connects with IDO at the active site residues Arg-77, Ala-24 and His-16 (Hydrogen bonds) with CDOCKER energy 45.24 kcal/mol at the same time 1-methyltryptophan known inhibitor of IDO also showing the similar hydrogen bonding interactions with active site residues Arg-77, Ala-24, His-16 and His-303 with CDOCKER 36.45 kcal/mol ([Fig. 6](#f0030){ref-type="fig"}).Fig. 6Molecular docking of Indoleamine 2, 3-dioxygenase (IDO) and docking interactions with Andrographolide. Legend: Computational prediction of the structure of IDO and docking stimulation with 1-methyltryptophan (A) and Andrographolide (B) interactions bound to IDO active site amino acids.

4. Discussion {#s0115}
=============

Diabetes is connected with the combination of multiple factors such as carbohydrates, fats and protein metabolism ([@b0100]). Numerous treatments are accessible for different forms of diabetes. Presently, era of medicinal plants (alkaloids, carotenoids, flavonoids and glycosides) treatment is recommended which comprises of anti-diabetic effects ([@b0140]). Animal model analysis is the accurate which remains indispensable for discovering, optimizing and validating novel therapeutics for the safe use in humans ([@b0055]). STZ-induced hyperglycaemia in animals is used as a good model for the initial screening of plants and plant derived compounds against diabetes ([@b0200]). STZ is known as broad spectrum of antibiotic, which induces diabetics; thus elevates the glucose levels which indicates the inadequate release of Insulin ([@b0005]). The STZ induced diabetes is described as extreme weight loss in body affected by gluconeogenesis, catabolism of fats and proteins, increased muscle wasting, loss of tissue proteins and loss of degradation of structural proteins ([@b0150], [@b0155]). STZ-induction also caused in substantial growth in the level and reduction in their weight. The oral administration Andrographolide was halting the sustained hyperglycemia and reverting back the body weight and blood glucose to that of control animals. This antihyperglycemic property of Andrographolide could be ascertained to its antioxidant components ([@b0130]).

Experimental induced hyperglycemic condition contributes to the pathophysiology of diabetic cellular metabolism in dual way, one being an increased production of ROS and other being the reduction of antioxidant defense. The combination of both leads to cellular and tissue damage promoted in various diabetic complications ([@b0195]). Free radicals might also be formed via the auto-oxidation of unsaturated fatty acids in plasma and membrane lipids and respond with other polyunsaturated fatty acids of membrane leading to lipid peroxidation that will in turn results in elevated production of free radicals" ([@b0120]).

Previous reported that the free radical improved lipid peroxidation and associated impairment of tissue antioxidant marker enzymes in diabetic animals ([@b0195]). Oral administration of strawberry extracts exactly did the same as we have found reduction in the levels of hydroperoxides and TBARS that were elevated in diabetic rats. Similarly, oral treatment of Andrographolide boosted the cellular antioxidant defense by restoring the derangement of antioxidant markers such as GSH during diabetes. These attributes of andrographolide could be due to its total antioxidant capacity. Andrographolide mediated stabilization of antioxidant marker enzymes were already reported by [@b0130] and our findings endorse the earlier report.

Andrographolide and its inhibitory potential against IDO have been investigated. Supplementation of andrographolide in dose dependant manner was found to effectively ameliorate retinopathy as revealed by the changes in histology and oxidative markers. We hypothesize that andrographolide's protective influence on retina could be linked to the IDO and tryptophan metabolites have been received much consideration currently by the researchers because of it prooxidant property and "their contribution in diabetic complications such as cataract and retinopathy ([@b0105], [@b0235]). In tryptophan pathway kynurenine is the first stable intermediate ([@b0215]) and this kynurenine undergoes deamination or irreversible transamination forming the Kynurenic acid (KYNA), a known prooxidant" ([@b0220], [@b0215]) significant increase in the concentration of KYNA in rats of group-2 and group-4 compared to group-1and group-3. In DR, IDO caused an oxidative stress which caused an increase in kynurenine metabolites in the eye ([@b0025]).

Therefore, 3-HKYN might become an "internal source of H~2~O~2~ which is believed to play an important role in the oxidative damage often related with DR. In the present study the 3-HKYN levels have been found to be higher in Group-2rats when compared to control subjects. This remark suggests that tryptophan pathway metabolites play a key role and they may perhaps be involved in the DR arbitrated through the mechanism of oxidative stress. Oxidative stress indicators for example TBARS and protein carbonyl levels were found to increase significantly in STZ induced diabetic rats. Supplementation of andrographolide normalized the levels to some extent but definitely not nearer to those of controls. Further, Supplementation of andrographolide in a dose-dependent manner had restored GSH levels, suggesting its protective value. It has been suggested that diabetic control rats have recovered increased kynurenine metabolites in retina and therefore it may be speculated that the observed alterations could be due either to a rise in the concentration of the substrate or to the enhancement of the first stage of its enzymatic degradation. The former possibility seems less probable, since no difference in the "concentration of tryptophan in the retinas of different groups of rats was observed.

Among numerous pharmacological targets pointed to combat DR, inhibition of IDO activity has received a better consideration in recent times. The elevated expression of mRNA encoding "IDO (*P* \< 0.05) in diabetic control rats (group-2, when compared with control animals (group-1) clearly proposes a role of IDO enzyme in DR" and perhaps a possible recovery by a lower dose i.e. 1.5 mg kg/ b. wt of andrographolide rather than a high dose 4.5 mg kg/ b.wt. The useful effect of strict glycemic control in counteractive action of diabetic complications has been well established. However, the compounds/molecules that can significantly delay or prevent the onset the development of diabetic complications have not been completely investigated. Our computational docking examines have uncovered essential information about the role of the inhibitor in the binding pocket of IDO.

Legend-enzyme interaction investigation found that the interaction binding residues of andrographolide (Ala-77, Ala-24, and His-16) were the primary contributors to the receptor-ligand communication and our outcomes likewise propose that andrographolide binds favorably to the active site of IDO as appeared in [Fig. 6](#f0030){ref-type="fig"}.

5. Conclusion {#s0120}
=============

The present investigation suggested the administration of andrographolide inhibit IDO and consequential changes in Kynurenine metabolites and can be considered as the agent that controls the diabetic complications.
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